INTRODUCTION
Active Galactic Nuclei (AGN) are observed across the whole electromagnetic spectrum, but X-ray observations probe the process of converting gravitational energy into radiation most directly, as spectral and variability studies have shown that at least some of the X-ray emission comes from regions very close to the central engine. The most luminous AGN are found at high redshift and thus their study probes accretion processes and AGN environment early in the Universe.
AGN comprise a large variety of objects, for which both simple and more complicated classification schemes have been proposed. Unification Models explain the observed differences among AGN as the result of orientation with respect to the line of sight (e.g. Barthel 1989; Urry & Padovani 1995) . In particular, it is proposed that powerful radio galaxies and radio-loud quasars are the same objects, and an obscuring torus is invoked to hide the nucleus of objects (namely radio galaxies) viewed at large angles to the jet axis (e.g. Barthel 1989) .
Large orientation-unbiased samples of AGN are needed to test unification. They must be observed at many wavelengths, in order to detect both isotropic and anisotropic emission. At low radio frequencies optically-thin synchrotron radiation from the radio lobes ⋆ E-mail: e.belsole@bristol.ac.uk of radio-loud AGN dominates the emission, and this lobe emission should be isotropic. Thus, selection of objects via their lowfrequency radio emission represents the most reliable method for selecting an orientation-unbiased sample. The low-frequency radio emission is also an indirect measure of the power supplied by the jet over the lifetime of the source (some 10 8 yr).
X-ray emission on small spatial scales, particularly at soft energies, is expected to be anisotropic because of the obscuring torus required in unified models to obscure the broad-line region and optical continuum emission. For those sources which are radio-loud, high-frequency nuclear radio emission, probing sub-arcsecond scales of the source, is explained as synchrotron radiation from the unresolved bases of relativistic jets, which is anisotropic due to relativistic beaming. The correlation found using ROSAT data between the nuclear, soft X-ray emission and the core radio emission of powerful radio-loud AGN (e.g. Hardcastle & Worrall 1999 , Brinkmann et al. 1997 thus implies that at least part of the soft X-ray emission is also relativistically beamed and originates at the base of the jet (Hardcastle & Worrall 1999) . From ROSAT data it had earlier been found that lobedominated quasars tend to lie above the flux-flux correlation valid for core-dominated quasars (Worrall et al. 1994) , supporting the idea that lobe-dominated quasars are viewed at an angle to the line of sight such that the observer sees in X-ray both the jet-dominated component and a more isotropically emitted, probably nucleusrelated component, with the two components being more similar in flux density than for the core-dominated quasars. This suggestion is further supported by the rather flat X-ray spectra of radio-loud (core-dominated or blazar-type) quasars, with slopes Γ ∼ 1.5−1.6 (e.g., Worrall & Wilkes 1990; Brinkmann, Yuan & Siebert 1997; Reeves et al. 1997; Reeves & Turner 2000; Gambill et al. 2003) , which may be compared to the values of Γ ∼ 2 more commonly found in their radio-quiet counterparts (e.g. , Yuan et al. 1998; Reeves et al. 1997; Reeves & Turner 2000) . The flat spectrum has been interpreted as the result of beamed emission from the jet.
X-ray results supporting unification of quasars with powerful, (narrow-line) radio galaxies (i.e. that those sources are viewed on the plane of the sky and are thus strongly obscured by a torus), especially at redshift above 0.5, are less abundant. Few such radio galaxies were detected in X-ray with ROSAT. However, Worrall et al. (1994) found that the core soft X-ray emission of the galaxy 3C 280 lies on an extrapolation of the correlation obtained for core-dominated quasars, and interpreted the result as due to X-ray emission from a jet-related component, with the nucleusrelated component being obscured by a putative torus. This result was later extended to a a larger sample of radio galaxies by Hardcastle & Worrall (1999) .
In the simple picture of an obscuring torus, quasar light heats the gas and dust of the torus and thermal radiation is reemitted isotropically in the mid/far-infrared in order to maintain energy balance in the inner regions. Thus, in principle, far-infrared radiation should provide an orientation-independent measure of the emitted power from the central engine. Studies based on data from IRAS (Heckman, Chambers & Postman 1992; Hes, Barthel & Hoekstra 1995) , and later the Infrared Space Observatory (ISO) (e.g. Meisenheimer et al. 2001) were controversial because of the limited sensitivity and spectral coverage that made it difficult to separate star formation heating and AGN heating. The sensitivity in the mid/far-infrared of the Spitzer satellite provides for the first time the possibility to test this hypothesis for a large number of objects. Shi et al. (2005) have found that indeed AGN heating contributes more than 50 per cent of the far-infrared luminosity in most objects from a sample of 20 radio-loud galaxies and quasars.
A study of a sample of sources at a range of orientations for which X-ray and mid/far-infrared properties derived from highquality data can be compared, is useful for understanding selection effects in X-ray-selected samples and for comparison with the new understanding of these sources coming from Spitzer data. Here we present high-quality X-ray observations obtained with Chandra and XMM-Newton of 19 sources in the redshift range 0.5< z < 1.0, which are mostly part of a larger sample of FaranoffRiley type II (FRII) radio galaxies and quasars currently being observed with Spitzer. In this paper we focus on the X-ray properties of the nuclear regions; we will address the environment of these sources (which is also a potential source of isotropic X-ray emission) in a forthcoming paper.
Throughout this paper we use the concordance cosmology with h0 = H0/100 km s −1 Mpc −1 = 0.7, ΩM = 0.3, ΩΛ = 0.7. If not otherwise stated, errors are quoted at 1σ for one interesting parameter.
THE SAMPLE
The AGN for our study were chosen from an orientation-unbiased parent sample. As discussed above, a reliable method for such a criterion is selection on the basis of the low-frequency radio emission. The best known and best studied orientation-unbiased sample of radio sources is the 3CRR sample (Laing, Riley, & Longair 1983) , selected at 178 MHz. There are 50 3CRR sources at redshift 0.5 < z < 1.0, of which ∼ 2/3 are radio galaxies and ∼ 1/3 are quasars. We do not aim to carry out a statistical test of unification models, for which a random selection from the parent sample would be necessary. Instead we intend to look for differences in the X-ray emitting components between quasars and radio galaxies, as would be expected in unification schemes. For this reason we base our work on a sub-sample of 34 high-redshift 3CRR radio galaxies and quasars that are being observed with Spitzer as part of a guaranteed-time programme.
These 34 sources were selected from the 3CRR on the basis of Galactic latitude for convenient scheduling of Spitzer observations, and they display similar distributions in redshift and isotropic radio power to the parent sample. Here we present X-ray results for 15 of the sources in this sample, those so far observed with Chandra or XMM-Newton. 3C 200 is part of the Spitzer sample although the source lies slightly outside the 0.5 < z < 1 range, since Chandra observations were available at the time of the selection of the infrared sample. In addition, we have added to our study four sources (3C 228, 3C 265, 3C 345, 3C 454. 3) that are not in the Spitzer sample, since they are in the same redshift range and have available high-quality X-ray observations. This gives us a sample of 19 sources (see Table 1 ). Figure 1 shows that for the quasars and radio galaxies in this subsample, the redshift, isotropic radio power, and radio flux distributions are similar.
Chandra or XMM-Newton observations of 9 sources (3C 184, 3C 200, 3C 220.1, 3C 228, 3C 263, 3C 275.1, 3C 292, 3C 330, 3C 334) were awarded to us in support of various projects, while data for the remaining sources were extracted from the Chandra archive. Table 1 lists the sources used in this work. Table 2 lists basic observational information for the sources analysed in this paper. All Chandra observations were performed with ACIS-S with the source at the aimpoint of the S3 chip. For some bright sources (see Table 2 ) sub-array modes were used to reduce the readout time and hence the effect of pileup. The XMM-Newton observations for two sources, 3C 184 and 3C 292, discussed in this paper were taken with the EPIC cameras. Data analysis for these sources is described in Belsole et al. (2004) .
X-RAY OBSERVATIONS AND DATA PREPARATION
Chandra data were processed using CIAO 3.2.1 and CALDB v3.0.2. We first removed the afterglow correction, and produced a new Level 1 event list. We then generated new bad-pixel files using the CIAO tool ACIS RUN HOTPIX. The new Level 1 photon lists were then processed using the CIAO tool ACIS PROCESS EVENTS in the standard way. The standard Charge Transfer Inefficiency (CTI) correction was not applied for 3C 220.1, since the focal plane temperature was higher than -120
• C. For those observations telemetered in VFAINT mode, we applied the additional background screening recommended for this mode, although this is not particularly useful for the study of the bright central component. We filtered for good grades (0, 2, 3, 4, 6) and generated a Level 2 photon list after filtering using the pipeline good-time-interval (GTI) filter. Finally, for each source we produced a light curve in a region void of sources to check for variability of the background. No strong flare events were found in any of our sources. However, all data sets were filtered following the prescription given in http://asc.harvard.edu/ciao/threads/filter/. Galactic column density is from Dickey & Lockman (1990) ; NRLG means Narrow Line Radio Galaxy; LERG means low-excitation radio galaxy. Redshifts and positions are taken from Laing et al. (1983) . We then applied an astrometry correction to the final event list using the tool available on line 1 . The level 2 event lists were then used for the analysis described below.
1 http://asc.harvard.edu/cal/ASPECT/fix offset/fix offset.cgi
ANALYSIS

Spatial analysis
We performed preliminary spatial analysis on the Chandra data in order to investigate whether the X-ray radial profile was consistent with the instrumental point spread function (PSF). PSFs for each source were generated using the PSF library for ACIS at a convenient energy depending on the spectrum of the source. For most sources this was 2.5 keV. We then used the CIAO tool MKPSF to simulate a point source image, and the tool DMIMGCALC to normalize the PSF to the count rate of each source. We extracted radial profiles for each source in the energy range 0.5-8.0 keV and compared with the radial profile derived for the simulated PSF. Features such as jet emission or extended emission clearly associated with the radio lobes were masked prior to the radial profile extraction.
We are aware that this approach is not perfect since a monochromatic estimate of the PSF was used. However, it gives an estimate of the extent of the PSF that is good enough to allow us to define the radius for spectral analysis of the nuclear region and the associated background for each source, especially in cases where the sources are piled up.
This quick spatial analysis also gives indications of the presence of extended emission associated with a cluster-like environment or inverse-Compton scattering in the radio lobes ). We will discuss the environments of these sources in a future paper.
We found that for most of the sources more than 90 per cent of the flux was included in a circular region of radius 2.5 pixels. The radial profile of 3C 200 shows that extended emission starts to dominate at ∼ 2 arcsec from the X-ray peak. However, only 2 counts contribute to the extended flux in the circular region used for the spectral analysis, and this is much less than any statistical error. For 3C 263 we found that the point source photon distribution was broader than the PSF obtained at 2.5 keV, which is likely to be the effect of the strong pileup (see Sect. 4.3): a piled-up point source will show a photon distribution which is flatter in the centre and broader in the wings than a standard PSF as calculated with MKPSF. For all sources, we applied corrections for the missing fraction of the PSF (see below) to the X-ray fluxes we quote.
Timing analysis
For all Chandra observations we generated light curves from the 0.5-8.0 keV energy range for each core using the CIAO tool DMEX-TRACT, and in different time bins from 100 to 4000 s intervals, depending on the source exposure time and photon statistics (we did not perform timing analysis for the XMM-Newton observation of 3C 292).
We used χ 2 to test for significant deviations from the average count rate within the light curve, and Table 3 reports these χ 2 values calculated using the binning that shows the largest deviation from a constant value as well as the probability that the light curve is constant. None of our sources exhibits significant time variability, including 3C 207 (Hough et al. 2001) , and the core-dominated quasars which are known to be variable at 5 GHz (and higher frequency) on time scales of years (e.g., Lister, Tingay & Preston 2001; Aller, Aller & Hughes 2003) . 3C345 in particular was found to be variable in X-ray flux density (Unwin et al. 1997 ), but on timescales of order of weeks.
We investigated flux variability for the two sources which were observed in two exposures, 3C 6.1 and 3C 228. The average count rate for the two exposures of 3C 6.1 are 0.044±0.008 s 
X-ray spectral fitting
The spectrum of each core was extracted from a circle of radius 2.5 pixels (1.23 arcsec; core region), which includes > 90 per cent of the ACIS-S3 PSF (as verified by our spatial analysis). A local background region was selected from an annulus of internal and external radii 3.5 and 6 pixels. This choice of background should provide the best possible subtraction of any contribution from a cluster-like environment. In all cases the core strongly dominates any such extended emission. The net counts in the core region in Numbers given after multiple observations of the same source are the Chandra observation IDs. The time bin is the one that gives the largest χ 2 value (see the text). The probability P χ 2 is the probability of obtaining a value of χ 2 as extreme as this under the null hypothesis of no variability.
the 0.2-10.0 keV energy band, for each source, are listed in Table  4 . Spectra were extracted using the tool PSEXTRACT, which generates Ancillary Response Files (ARF) and Redistribution Matrix Files (RMF). Spectra were grouped to have a minimum of 15 to 20 counts per channel (except for the Chandra observations of 3C 184 and 3C 427.1 where there are too few counts for spectral fitting). We used version 3.0.2 of the calibration database, which accounts for spatial variation of the Quantum Efficiency (QE) degradation.
Because of the nature of the sources discussed here, the issue of pileup needed to be considered. Pileup will distort the spectrum at high energy (for details see Ballet 1999; Davis 2001 ). An indication of the pileup fraction (PUF; defined as the ratio of the number of detected events that consist of more than one photon to the total number of detected events) was estimated using PIMMS and Figure 6.18 in the Chandra Proposers' Observatory Guide Sect. 6.14 2 . The PUF was calculated for each source, and is listed in Table 2 . Pileup effects were ignored if the PUF was less than 8 per cent, although we verified that the addition of a pileup model in XSPEC did not change the best-fit parameters for such sources (see Sect. 5.1 for more details). For those sources for which a higher PUF was found, we excluded a circle of radius from 1 to 2 pixels (see below for details of each individual source) from the initial circle of radius 2.5 pixels and used this annulus as the region for spectral analysis, since the wings of the PSF are less affected by pileup. Although an annular region contains only a fraction of the PSF, it is valuable in finding the correct spectral index of the source. To measure fluxes and flux densities for these sources we adjusted the normalization to account for missing counts based on simulating the PSF at the position of the source using MARX. Although this correction is dependent on the source spectrum, it has been shown that for NGC 6251 the spectral dependence is negligible (Evans et al. 2005 ). We applied similar tests to those applied for NCG 6251 to 3C 334, and found that any correction due to the energy-dependence of the PSF is within the statistical errors. Therefore we ignored energy dependence when correcting fluxes and flux densities for the missing PSF, and we corrected solely for the fraction of the PSF missing at the energy of 2.5 keV.
In the case of 3C 263, which is heavily piled-up, we adopted the spectrum extracted in an annulus of inner and outer radii 3 and 5 pixels, after inspecting the radial profile.
Spectral analysis was performed using XSPEC v11.3.1. All spectra were fitted in the energy band 0.5-8.0 keV, where the ACIS-S calibration is most precise. We initially fitted the backgroundsubtracted core spectrum with a model composed of Galactic absorption (see Table 1 ), and a power law. Additional components were added to the model as required after inspection of the residuals. The significance of adding additional model components to the fit was estimated using the F -test.
Fluxes, flux densities and luminosities for all sources whose spectrum was extracted in the canonical circle of radius 2.5 pixels were corrected by 10 per cent to account for the missing PSF fraction. Values derived from spectra extracted in annular regions were corrected appropriately as described above. Moreover, as a conservative approach, we added a 10 per cent systematic error to the error estimates for the fluxes, flux densities and luminosities of all sources with pileup fraction greater than 8 per cent (see Table 2 ).
RESULTS
X-ray spectral properties
The results of the spectral fitting are reported in Table 4 . A single power law absorbed by Galactic absorption provides a good fit to the core continuum for 11 sources (3C 200, 3C 207, 3C 220.1, 3C 228, 3C 254, 3C 263, 3C 275.1, 3C 309.1, 3C 334, 3C 380, 3C 434. 3), of which 8 are lobe-dominated or core-dominated quasars. Intrinsic absorption is required for 7 sources, all of them radio galaxies (3C 6.1, 3C 184, 3C 265, 3C 280, 3C 292, 3C 330, 3C 427.1). An additional thermal component is required for only 1 object, 3C 184, a very small radio source observed with XMM-Newton for which cluster-scale X-ray emission was detected (Belsole et al. 2004 ). This is much less than any statistical error. In only one case, 3C 345, is a single power law not an acceptable fit for a quasar. A second power law is necessary to account for the flattening above 1.7 keV in the core spectrum. This is in agreement with the results of Gambill et al. (2003) , who used a broken power law to fit the spectrum. Several of the radio galaxies required a soft unabsorbed power law in addition to the absorbed power law. Details of additional continuum components, both non-thermal and thermal, required to fit the core spectra of the sources in our sample are listed in Table 5 .
In agreement with Bondi et al. (2004) , we detect significant line emission for 3C 265, indicating a neutral Fe line at a restframe energy of 6.37±0.13 keV and of equivalent width 443
eV. The core spectrum of 3C 330 displays a broad, asymmetric line at rest-frame energy 6.7 +0.6 −0.3 keV. Although this may suggest the presence of ionized iron in the central region, deeper observations of this source are needed to establish the reality of the line. Table 4 . Spectral fit results for the core region. Col. 1: source 3CRR name; Col. 2: net counts in the 0.2-10.0 keV energy band contained in a circular region of radius 2.5 pixels; if two exposures have been used this is the sum of the two data sets; Col. 3: intrinsic N H , when required; Col. 4: power law index. This corresponds to the slope of the hard spectrum when a composite model is used; Col. 5: normalization of the power law model, in units of photons keV −1 cm −2 s −1 at 1 keV. The normalization corresponds to the best-fit value found while fitting the region specified in Col. 9 and does not correspond to the final luminosity displayed in Col. 8. Moreover, the normalization corresponds to the power law used to fit the hard spectrum when a model composed of more than one power-law is adopted; Col. 6: χ 2 /d.o.f. corresponding to the best-fitting model; Col. 7: where the best-fitting model was not a power law with Galactic absorption, this column gives the probability under the null hypothesis (from the F -test) of obtaining an improvement in χ 2 as large as was observed. When not applicable the original model represents a good fit to the data; Col. 8: unabsorbed X-ray Luminosity in the energy band 2.0-10.0 keV -absorbed component only in radio galaxies (flux for the same component is listed in Table 6 ); Col. 9: comments; if there are no comments, the region used for spectral analysis is a circle of radius 2.5 pixels. 
2.0-2.5 pix annulus
Chandra data fits were done in the 0.5-8.0 keV band; "2 exposures" in Col. 9 means that the spectra from both exposures of the source have been used. Luminosities are corrected for the extraction aperture while normalizations are the actual, best-fit value. a Parameters are from XMM-Newton data fitting. The total spectrum of the source was extracted in a circle of radius 40 arcsec; the count rate in Col. 2 corresponds to the total EPIC count rate in this region (see Belsole et al. 2004 for details); the Chandra observation of 3C 184 contains 41 counts in the energy band [0.2-10.0] keV. The XMM-Newton and Chandra fitting results are in agreement, but the former was preferred since gives significantly better constraints. b The XMM-Newton core spectrum was extracted in a circular region of radius 10 arcsec, and the count rate is the total EPIC background-subtracted count rate in this region (the background estimated in an annulus of inner radius 30 arcsec and outer radius 35 arcsec -see Belsole et al. 2004 for details); the ARF accounts for the missing PSF, and the spectrum was fitted between 0.3 and 10 keV. c An F -test was performed for a model with intrinsic absorption versus a model with no intrinsic absorption; see the details for this source in Appendix A for discussion of an unabsorbed component at soft energies. d C-statistic value instead of χ 2 . The quoted error is the "real" error, i.e. statistical plus systematic. Upper limits are quoted at the 3σ confidence level for one interesting parameter; errors are the 1σ confidence range. a Flux and luminosity refer to the soft power-law component. The soft power-law parameters were obtained by fitting the Chandra spectrum. The bolometric X-ray luminosity of the thermal component is 8.3×10 43 erg s −1 (Belsole et al. 2004 ).
Figure 2. 1-keV X-ray core versus 5-GHz radio core spectral luminosity density. Symbols are as follows: filled squares are radio galaxies (when applicable only the unabsorbed component was taken into account to compute the 1-keV luminosity density); asterisks are lobe-dominated quasars and stars are coredominated quasars. The dot-dashed line corresponds to the maximum likelihood linear regression method applied to the whole sample. The dashed line is the linear regression applied to the sample composed of core-dominated quasars and radio galaxies only. The continuous line corresponds to the best fit regression for core-dominated quasars only. When 1σ error bars are not visible they are smaller than the symbols. Flux density at 1 keV is computed by using the soft component only, upper limits when appropriate. The 2.0-10.0 keV flux is from the absorbed component only in the case of radio galaxies. V the source is known to be variable at the measured frequency. Errors are quoted at 1σ confidence for one interesting parameter; upper limits are 3σ confidence level. Unless otherwise stated, errors on the 5 GHz flux densities are 3%, as defined by calibration errors.
Hints of possible line emission are seen in 3C 207 (ionized, see also Brunetti et al. 2002 ) and 3C 275.1 (neutral), although the addition of a line does not technically improve these fits.
X-ray versus radio correlations
In Table 6 we list the unabsorbed X-ray flux density at 1 keV, derived from our spectral fitting, and the 5-GHz core flux density, obtained from various sources and tabulated in the on-line 3CRR catalogue 3 . Errors on the radio measurements are generally dominated by the calibration errors (of order 3 per cent) and are thus small compared to the X-ray errors. Where the uncertainty is dominated by thermal noise we tabulate per-source uncertainties in Table 6. We have also computed the 1-keV and 5-GHz rest frame spectral luminosity densities, assuming αX = Γ − 1 where Γ is the best-fit spectral index. In general the spectral indices of the radio cores are not known (and likely to be variable) but as compact cores are known to have typical spectral indices close to 0 (e.g. Bridle & Fomalont 1978) we adopt αR = 0 in calculating the rest-frame radio luminosities. We used the analysis package ASURV Rev 1.1 (LaValley, Isobe & Feigelson 1992) , to calculate the generalized Kendall's τ coefficient in the presence of censored data to the relation between core 1-keV flux density and the core 5 GHz flux density. We found that the flux-flux correlation is significant for the sample as a whole, as well as for subsamples of data. This support the idea that the luminosity-luminosity correlation is not redshift-induced. However, to test correlations between properties of sources spanning a wide redshift range, and particularly for high-redshift sources for which K-correction must be taken into account, the respective luminosity values should be used (e.g. Kembhavi et al. 1986 ). We apply the generalized Kendall's τ algorithm to the 1-keV luminosity density and 5-GHz luminosity density correlation (see Table 7 ). Linear regression were evaluated by applying a maximum-likelihood fitting routine to fit a model consisting of a straight line in log space and an intrinsic dispersion to the luminosities. Our fitting procedure takes into account the uncertainties and upper limits on the radio and X-ray data points and is intrinsically symmetrical with respect to the two types of luminosity. 90 per cent errors on the fitted slopes were estimated using a Monte Carlo method.
Logarithmic slopes for all subsamples are consistent within the errors, mainly because of the limited statistics. However, we observe a trend when taking the best fits at their face value (see Table 7 , where we also list the intrinsic dispersion as 1-sigma values of Gaussians in log space). The slope of the best-fit correlation deviates significantly from 1 only when samples containing more than one class of object are fitted, and it becomes very close to 1 when samples consisting only of radio galaxies or coredominated quasars are fitted (with a possible flattening for the latter, consistent with what was observed in larger samples of core-dominated quasars; e.g., Kembhavi, Feigelson & Singh 1986; Worrall et al. 1994) .
The dot-dashed line in Figure 2 shows the linear regressions for the whole sample, while the dashed line shows the same regression to the sample composed of core-dominated quasars and radio galaxies. We also show the linear regressions found when fitting only core-dominated quasars (continuous line). We observe that lobe-dominated quasars (asterisks) lie above the correlation valid for core-dominated quasars (see. e.g., Worrall et al. 1994; Hardcastle & Worrall 1999) . We also notice that 3 radio galaxies lie in the LX − LR plane above all correlations, suggesting a behaviour similar to lobe-dominated quasars. However, this is not surprising since the radio galaxies in question are 3C 6.1, 3C 220.1 and 3C 228, for which a simple power-law spectral model is a good fit to the data. It is interesting that the radio galaxies have excess X-ray emission over an extrapolation from the core-dominated quasars, and may suggest a difference in the mechanisms responsible for the jet-related X-ray emission in the two class of objects. . X-ray luminosity in the energy band 2.0-10.0 keV (using the unabsorbed luminosity of absorbed components in the radio galaxies) versus the 178 MHz luminosity density. Symbols are as follow: filled squares are radio galaxies; asterisks are lobe-dominated quasars and stars are coredominated quasars. When 1σ error bars are not visible they are smaller than symbols. Axis are the logarithm of the defined quantity.
Absorbed X-ray emission in radio-quiet AGN is associated with the power of the central engine. We thus also tested possible relations between the high-energy X-ray emission from the core and the large-scale radio emission, which should be an indicator of the overall power emitted over the source life-time. This is shown in Figure 3 , where the 2-10 keV luminosity (assuming isotropic emission) is plotted versus the 178 MHz luminosity density (Kcorrected adopting the value of αR specific to each source as listed in Table 6 ). For radio galaxies we measured the high energy luminosity of the absorbed component. We observe a large dispersion in these two values, showing that if any correlation exists, it is weak.
We notice that radio galaxies lie below quasars in this plot. This is an additional indication that the X-ray emission is relativistically boosted, and the values for the quasars are higher than those for radio galaxies due to beaming in the line of sight. On the other hand, the lack of correlation between these two parameters may also be an indication that absorbed emission from radio galaxies is at least in part jet-related. Figure 4 shows the distribution of the spectral index for the whole sample. For radio galaxies this is the spectral index of the absorbed component. The histogram shows that the population of radio galaxies and quasars have a similar spectral index distribution. A Kolmogorov-Smirnov (K-S) test applied to the two populations does not allow us to reject the null hypothesis that the two groups of data are drawn from the same distribution (the probability of obtaining a K-S statistic equal to or more extreme than the one observed is p = 0.828). We calculated mean, median and a bi-square weighted mean for the whole sample and each subsample (see Table 8 ). In addition to the classical mean value we calculated a more robust mean using the method described in Worrall (1989) , which takes into account the errors associated with each data point and fits an intrinsic dispersion in spectral index. Bearing in mind that the samples are small, the different estimates of the mean values are in agreement. The maximum-likelihood analysis gives a mean spectral index for the whole sample of 1.55±0.17. Radio galaxies and lobedominated quasars have mean value of Γ = 1.57 and Γ = 1.59, respectively, and the core-dominated quasar subsample has a mean value of Γ = 1.45, significantly different from the other two populations (see Table 8 ).
Spectral index distribution
We find a different behaviour when looking at the unabsorbed, soft power law characterising some of the radio galaxies in the sample. For the four radio galaxies for which a spectral index was determined, we find a mean spectral index ΓML = 2.05 ± 0.25. Although errors are large, this analysis suggests that when an unabsorbed soft component is present, its spectrum is relatively steep. A K-S test applied to the spectral index of the unabsorbed components of radio galaxies and the absorbed components of the whole sample allows us to reject the null hypothesis that the two samples are drawn from the same population at better than 99 per cent confidence.
DISCUSSION
We have assembled X-ray results for a sample of 19 radio galaxies (RGs) and radio-loud quasars (RLQs) for which core spectral properties have been derived with good precision. Core spectral properties have been discussed before for RLQs at high redshift (e. g., Brinkmann, Yuan & Siebert 1997; Brinkmann et al. 2000; Reeves & Turner 2000; Brunetti et al. 2002; Hardcastle et al. 2002; Hasenkopf, Sambruna & Eracleous 2002; Donahue et al. 2003; Belsole et al. 2004; Galbiati et al. 2005) , in particular for coredominated sources with resolved jet-emission (e.g. Tavecchio et al. 2002; Gambill et al. 2003; Marshall et al. 2005) . This is the first time that the unabsorbed and absorbed X-ray emission from RGs at 0.5 < z < 1.0 has been measured with precision in a systematic way and with a well-defined sample. Previous large-scale analyses of the X-ray spectrum of RGs have been limited to the soft (unabsorbed) X-ray emission from these sources and/or have had insufficient spatial or spectral resolution to allow separation of core and extended emission.
Our sample allows us to discuss our spectral results in the context of unification schemes.
The origin of the core X-ray emission
The Chandra spatial resolution allows us to separate emission from the core and to establish, through spectral fitting, that the emission from the central 5 pixels of the observation for 17 of the 18 sources in the sample can be described by one or more power laws. 3C 292, observed only with XMM-Newton, also shows power-law emission in the core spectrum. The nuclear X-ray continuum is well described by a single power law with Galactic absorption for all quasars, while 70 per cent of RGs in our sample show intrinsic absorption ranging from 0.3 to 50 ×10 22 cm −2 . For about 50 per cent of all sources, mostly RGs, we conclude that a single power-law model does not satisfactorily fit the data.
As discussed in the introduction, the soft X-ray nuclear emission of core-dominated quasars is consistent with that arising from a relativistic jet, in agreement with results based on data from Einstein (e.g. Shastri et al. 1993) , ROSAT (e.g., Brinkmann, Yuan & Siebert 1997; Hardcastle & Worrall 1999) , and ASCA (e.g. Reeves & Turner 2000) . Only very few radio galaxies have been detected with ROSAT at soft energy, and they were found to lie on an extension of the flux-flux correlation for core-dominated quasars (Worrall et al. 1994; Hardcastle & Worrall 1999) . We follow the interpretation of Worrall et al. (1994) in explaining the lower X-ray flux density of the radio galaxies as due to the effect of a relativistic jet which beams the emission from the core-dominated quasars into the line of sight.
Our study shows that radio-galaxy soft X-ray flux density is indeed consistent with being unboosted emission from the same component as seen in the core-dominated quasars (Fig. 2) . However, the spectrum is significantly steeper, with an average value of Γ ∼ 2.1 (α ∼ 1.1), and is consistent with the extrapo- lation of a broken-power law synchrotron spectrum of ∆α ∼ 0.5 − 0.9 from radio frequencies, as observed in the resolved jets of lower-redshift FRI radio galaxies (e.g. Böhringer et al. 2001 , Hardcastle, Birkinshaw & Worrall 2001 Worrall et al. 2001b ). The steep spectrum disfavours inverse Compton (IC) scattering as the mechanism for this emission. On the other hand, the flat X-ray spectrum (α ∼ 0.45) observed in core-dominated quasars is suggestive of IC emission becoming dominant as the Doppler factor becomes larger (e.g., Kembhavi, Feigelson & Singh 1986) . In coredominated quasars the inner jet is unobscured, and synchrotron self-Compton emission and upscattering of external photons from the nucleus are expected to dominate, while scattering of cosmic microwave background (CMB) photons by a beamed jet might become important at larger jet radii. Since increased beaming depresses the X-ray to radio (IC to synchrotron) ratio, the slope of the correlation in Figure 2 (1.0 for radio galaxies, flattening to 0.8 for core-dominated quasars) can be qualitatively understood, and confirm previous work within the limited statistics of our sample of core-dominated quasars. The biggest surprise is that, with the exception of 3C 292 and 3C 330, the absorbed components of radio galaxies have flatter spectra (Γ = 1.57 +0.03 −0.02 ) than those of radio-quiet quasars (RQQs) (typically Γ ∼ 1.9-2.0, e.g. Yuan et al. 1998; Reeves & Turner 2000) and consistent with the best-fitting power law of RLQs (Γ = 1.52 +0.06 −0.07 ), although somewhat steeper than the core-dominated sample alone (Γ = 1.45 ± 0.06).
There are two possible explanations for this observation. One is that the X-ray properties of the accretion regions in radio-loud and radio-quiet objects are different. However, if we wish to retain a simple unification scheme in which radio-loud sources are essentially radio-quiet ones with the addition of jets, then our results imply that the absorbed emission that we measure in 70 per cent of the RGs in our sample is primarily associated with the inner jet rather than with the accretion region. There is no reason in principle why jet emission cannot come from within the torus, and the flat X-ray spectrum of this emission is certainly consistent with a jet model.
It is thus interesting to ask whether the central engine is the same in radio-loud and radio-quiet objects. For lobe or coredominated quasars the beamed and unbeamed components cannot be separated, but radio galaxies allow us to try to answer this ques- Figure 5 . X-ray spectral index (absorbed component for radio galaxies) versus the radio core prominence parameter Rc. Symbols are as in Fig. 2 , the white box is 3C 427.1 for which the spectral index was fixed. The dotdashed line is the best-fit Buckley-James (B-J) correlation ( as implemented in ASURV Rev 1.1 and presented in Isobe, Feigelson & Nelson (1986) ) to the subsample of quasars; the continuous line is the best-fit B-J regression to the subsample of core-dominated quasars.
tion. We can ask at what level absorbed emission with a steep spectrum as measured for RLQs may be present in radio galaxies, assuming that we are not sensitive enough to measure it. If a steep component of high absorption is mixed with a flatter one with lower absorption then the fitted slope can be relatively flat and unabsorbed, even if the absorption-corrected luminosity of the steeper component is significant.
The result shown in Figure 3 , in which radio-galaxy X-ray luminosities are lower than those of quasars, may support this. Although we expect core-dominated quasars to have higher luminosities, since no correction for beaming is applied, this may also suggest that part of the difference between the two populations of sources arises because radio-galaxy luminosities are underestimated if the correct model has an additional steep absorbed component of high intrinsic luminosity.
Further support comes from Figure 5 . Here the spectral in-dex (absorbed component for radio galaxies) is plotted versus the core-dominance parameter Rc. This is defined as the ratio between the core luminosity density at 5 GHz and the large scale luminosity density at 178 MHz (Rc = L5GHz/L178MHz) and is accepted as an orientation parameter.
In agreement with what has been found earlier with larger samples (e.g., Kembhavi, Feigelson & Singh 1986; Brinkmann, Yuan & Siebert 1997) , at least for core-and lobedominated quasars, we observe a tendency for the spectral index Γ to increase with lower core dominance. However, no information was available in these earlier studies on the absorbed components of RGs. The sample of RGs discussed here extends the sampling of the core-dominance parameter by 2 order of magnitude over the use of quasars alone. The anti-correlation for core-dominated quasars is significant at the 90 per cent level on a Kendall's τ test. The anti-correlation is also valid for the population of all quasars (lobedominated plus core-dominated), but the slope tends to zero, the smaller Rc becomes. This result could be an indication of the presence of an additional, isotropic spectral component in the radio-galaxy population. We may be indirectly observing the effects of accretion-related emission similar to that observed in RQQs, i.e. heavily absorbed and with spectral slope ∼ 2, which may be (partially) masked by a less absorbed, jet-related component.
In an attempt to test this hypothesis quantitatively for the RGs in our sample, we simulated a spectrum in XSPEC using the response file for the core region of one of the radio galaxies. We initially simulated a power law of spectral index Γ steep = 1.9, which is similar to that found for RQQs (e.g. Reeves & Turner 2000) absorbed by a column density N steep H = 10 24 cm −2 , i.e. ∼ a factor of ∼10 higher than the average absorption found for radio galaxies of our sample. We then added a flatter power law (of Γ f lat = 1.57, the average value for radio galaxies; see Table 8 ) absorbed by a column density N f lat H = 10 23 . For simplicity we ignored a soft unabsorbed component. We varied the normalization of the steeper power law until the whole spectrum was fitted with a single power law. We found that with a large number of counts (excellent photon statistics) the steep power law is washed out if its contribution to the normalization at 1 keV is < 10 per cent of the softer power law.
The statistics in real observations are limited by effective area and exposure time. We thus repeated the same exercise using photon statistics similar to those of our data. This yielded the conclusion that a steep, absorbed power law is not detected spectrally in the presence of a flatter and less absorbed power law emission if the 1-keV normalizations of the two components are similar.
If the normalization at 1 keV of the steeper highly absorbed power law is a factor of two greater that the original less absorbed component, then we still find that the whole spectrum can be fitted with a single power law of a spectral index which is found to be flatter than Γ f lat . This may explain, for example, the very flat absorbed-power-law slope of 3C 265. The result can be attributed to the ACIS-S response: since the sensitivity at 1 keV is higher than at higher energies, the effect of the flat spectrum resulting from the large absorption dominates that of the steep spectrum at high energy.
A steep-spectrum core-related component of intrinsic luminosity at least a factor of two greater than the 2-10 keV luminosity that we actually measure may be present for all our absorbed radio galaxies, and with the current data we are unable to separate this component. Our simulations thus support the hypothesis that the observed absorbed emission from RGs is jet-related or jetdominated. However we cannot exclude the possibility that the central AGN in RLQs and RQQs are different. 
The effect of orientation and implications for unification schemes
The correlation between the X-ray flux density at 1 keV and the core prominence parameter Rc (Fig. 6 ) is an alternative representation of information shown in Figure 2 , since the sources have similar isotropic luminosities and the 5-GHz flux density is beamed. However, we notice that the RGs with no or weak absorption are those with a larger Rc and that they occupy a position in that plot which is closer to that of lobe-dominated quasars. This is consistent with the expectations from unified models, in which the X-ray emission from quasars which are viewed at a large angle to the line of sight is the sum of jet-related and core-related emission.
The finding that only RGs show intrinsic, rest-frame absorption is again in agreement with unification models if these sources are viewed in the plane of the sky through an absorber. If emission from RGs is not affected by beaming, we expect a slope close to 1 for the correlation between X-ray and radio core emissions, which is what we find. Moreover, we also find that the slope of the correlation valid for radio and X-ray flux density becomes smaller the more the beaming is expected to play a role, as in core-dominated quasars (but note that this effect is less observed in the luminosityluminosity relations). This is an indirect indication of the different effects of beaming in the X-ray and the radio, which depends on the mechanism responsible for the emission. We argued in Sec. 6.1 that it is likely that synchrotron radiation accounts for the jet X-ray emission in radio galaxies and that IC becomes important, or even dominant, in core-dominated quasars.
We do not find any correlation between the absorption and the redshift, as found for larger samples of both RQQs and RLQs (e.g. Reeves & Turner 2000 ; but the correlation is significant only for sources at redshift above 1), but we notice that the 3 RGs in our sample which do not show intrinsic absorption are also those at lower redshift. No significant correlation was found between the intrinsic NH and the spectral index, strengthening the constraints we can put on these two parameters, since they are intrinsically correlated.
A new result is that the unabsorbed non-thermal emission from RGs is consistent with synchrotron emission from a highenergy extension of the electrons which emit at radio frequencies. Because of the relatively short energy-loss timescales of the responsible electrons we may expect soft X-ray variations on short timescales for at least some of these sources. This is not observed, but this may be an effect of the limited statistics available for such high redshift objects.
SUMMARY AND CONCLUSIONS
We have presented X-ray spectra of the unresolved components of 9 quasars and 10 radio galaxies which were similar in isotropic radio power and which lie in the redshift range 0.5 < z < 1.0. This is the first time that two spectral components have been reported in the core spectra of a reasonably large sample of radio galaxies. We have compared our results with the expectations from a unification model that describes each source as having a) a central largely isotropic X-ray component similar to the X-ray core of a radio quiet quasar; b) a torus that absorbs X-ray core emission from sources whose jets are in the plane of the sky (namely radio galaxies), and c) X-ray jet emission on scales comparable with and larger than the torus Several results support this simple unification model and allow conclusions to be drawn about the origin of the X-ray emission in both radio galaxies and quasars: (i) Radio galaxies display higher intrinsic absorption than quasars, as expected from b);
(ii) An unabsorbed X-ray component is also seen in radio galaxies; we interpret this component as arising from the jet. Its steep slope (steeper than the radio spectrum) is consistent with a synchrotron origin; (iii) Radio galaxies show a radio-core/X-ray-core correlation of slope ≈ 1 when the unabsorbed X-ray component is used. This also argues in favour of a jet-related emission.
(iv) The radio-core/X-ray-core correlation flattens when quasars are considered, i.e. they are relatively X-ray under-luminous for a given radio flux density. This is qualitatively consistent with IC X-ray emission becoming more dominant than synchrotron in the jet as the angle to the line of sight is decreased and beaming becomes more important. The flat X-ray slope of the core-dominated quasars (similar to the radio slope) supports this conclusion. Beaming causes the jet to outshine other core components in the X-ray.
(v) The lobe-dominated quasars have somewhat more X-ray emission than expected on the basis of the jet component in radio galaxies, implying an unabsorbed contribution from the inner nucleus that is not outshone by beamed emission in these sources. The two contributions to the X-ray emission cannot be separated with current statistics.
(vi) Although the radio galaxies show absorbed X-ray emission, its spectrum is flatter than is typically seen in RQQs. This implies that either the nuclear emission is affected by the presence of a jet or that the absorbed emission is largely from the jet. We have shown through simulations that it is possible that a steep-spectrum absorbed core can be present, but masked by jet emission.
